We analyzed the results from nationwide surveillance of avian influenza (AI) from birds in South Korea's major wild bird habitats and the demilitarized zone of South Korea, 2003Korea, -2008. Of 28,214 fecal samples analyzed, 225 yielded influenza viruses, for a prevalence of 0.8%. Hemagglutinin (HA) subtypes H1-H12 and all nine neuraminidase (NA) subtypes were detected. The dominant HA subtypes were H6, H1, and H4, and the most common NA subtypes were N2, N1, and N6. Among the 38 HA/NA subtype combinations, the most common were H4N6, H6N1, and H5N2. Thirty-seven low-pathogenic AI (LPAI) viruses of the H5 and H7 subtype were detected. Among them, we identified bird species for 16 H5-and H7-positive fecal samples using a DNA bar-coding system instituted in 2007; all birds were identified as Anseriformes. The HA gene of the H5 wild bird isolates belonged to the Eurasian avian lineage, and could be clearly distinguished from the sublineage H5N1 highly pathogenic AI (HPAI) of the Eurasian and American avian lineages. Whereas H7 LPAI viruses did not group as a separate sublineage with H7 HPAI viruses, H7 isolates were closely related with the Eurasian avian lineage.
INTRODUCTION
Wild aquatic birds are considered natural hosts for the influenza A virus and are the reservoir of the known 16 hemagglutinin (HA) and nine neuraminidase (NA) subtypes . Although wild aquatic birds usually harbor only lowpathogenic avian influenza (LPAI), fatal infections of aquatic birds by the highly pathogenic avian influenza (HPAI) H5N1 virus was first observed in Hong Kong in late 2002 (Ellis et al., 2004; Sturm-Ramirez et al., 2005) . Since the outbreak caused by subtype H5N1 from migratory waterfowl on Qinghai Lake in May 2005 Liu et al., 2005) , outbreaks of Qinghai-like avian influenza (AI) virus H5N1 have been reported in Asia, Europe, and Africa, and have been ascribed to the migration of wild birds (Chen et al., 2006; Olsen et al., 2006) . These events imply that wild aquatic birds may play a critical role in carrying the H5N1 virus long distances through migration .
South Korea is on the East Asia Australian flyway. In general, wintering migratory birds arrive in the middle of September from Northern Asia and, after overwintering, return to their breeding grounds during mid-February to late March of the following year. Korea is important as a wintering locale for birds in the order Anseriformes, and as a resting point for Charadriiformes during their migration to Australia. Major overwintering birds in South Korea include the Baikal Teal (Anas formosa), Mallard (Anas platyrhynchos) and White-fronted Goose (Anser albifrons).
South Korea has been affected by three H5N1 HPAI outbreaks in poultry since 2003. Outbreaks in 2003 and 2006 occurred during December and November, respectively (Lee et al., 2005 (Lee et al., , 2008 , and produced significant loss of life and income. Responding to the economic impact, Korean veterinary authorities implemented a nationwide surveillance program for domestic poultry (mainly chickens and ducks) and wild birds from early November to late February each year.
The main objectives of the surveillance were to identify HPAI virus in major wild bird habitats in South Korea as early warning of a potential wider outbreak in domestic poultry flocks. Because of its potential to mutate to the highly pathogenic form Suarez et al., 2003; Lee et al., 2004; Olsen et al., 2006) , priorities of the present analysis of the survey data were the detection of the H5 and H7 subtypes of LPAI and the analysis of their relationship with viruses of the same subtypes that have caused outbreaks in domestic poultry and wild birds worldwide.
The prevalence of AI viruses in their natural hosts depends on geographic location, seasonality, and species (Okazaki et al., 2000; Hanson et al., 2003; Wallensten et al., 2007; Ip et al., 2008) . In North America, Northern Europe, and Siberia, the prevalence of AI virus varies considerably from fall to spring, and is generally highest in early fall at breeding sites (Okazaki et al., 2000; Hanson et al., 2003; Wallensten et al., 2007) . Also, the prevalence of AI varies among species (Ip et al., 2008) , and it is most commonly found in migratory Mallards (Hansen, 1999) . Overall, surveillance data of AI in Asian wild birds is very limited, with the exception of Japan (Otsuki et al., 1987; Shengqing et al., 2002) .
We report a nationwide surveillance study of influenza A virus in wild birds in South Korea from 2003 to 2008. Focusing on overwintering wild birds, we emphasize the subtype distribution of influenza A from fecal samples and sequence analysis of LPAI H5 and H7 isolates.
MATERIALS AND METHODS

Sample collection
Fresh fecal samples were collected after observation of defecation of wild birds during November-February 2003 and . Sample collection sites included major wild bird habitats and the demilitarized zone between North Korea and South Korea (Fig. 1) . Table 1 displays the geographic location of sampling sites and isolation of influenza A viruses during the survey. Samples were transported to the diagnostic laboratory within 24-48 h in a refrigerated container and stored at 4 C until assayed.
Virus isolation and identification
Each sample was suspended in an antibiotic solution and centrifuged at 3,000 rpm for 15 min. Each supernatant was inoculated into 10-day-old embryonated hen's eggs and incubated at 37 C for 4-5 days. Allantoic fluid from the incubated eggs was harvested and centrifuged for purification. When no influenza A virus was detected on the initial isolation attempt, the allantoic fluid was passaged once more in embryonated eggs. Virus presence was determined by hemagglutination assay and viruses were subtyped by reverse transcription-polymerase chain reaction (RT-PCR) using influenza-specific primers (Lee et al., 2001) and by NA inhibition test (World Health Organization Expert Committee, 1980) .
Bird species
Beginning in 2007, a bar-coding system utilizing mitochondrial DNA of bird feces was employed to determine host species (Hebert et al., 2004; Lee et al., 2007) . Mitochondrial DNA was extracted from fresh fecal samples using a DNA Stool Mini Kit (Qiagen, Valencia, California, USA) according to the manufacturer's protocol. Universal and modified primers were used to amplify the mitochondrial cytochrome oxidase gene subunit I present in host feces (Lee et al., 2007) . PCR products were sequenced and identified using information contained at the Barcode of Life Data Systems website (Biodiversity Institute of Ontario, University of Guelph, Guelph, Ontario, Canada; http://www.barcodinglife.org/views/login.php).
Molecular and phylogenetic analyses
Viral genes were sequenced and analyzed as described previously (Hoffmann et al., 2001) . Briefly, viral RNA was extracted from the allantoic fluid of embryonated eggs using the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. RT-PCR amplification was carried out under standard conditions using influenza-specific primers (Hoffmann et al., 2001) . PCR products were purified from agarose gels using the Qiaquick Gel Extraction kit (Qiagen) and sequencing of the template DNA was performed at Macrogen (Seoul, South Korea) with an ABI 3730 XL DNA sequencer (Applied Biosystems, Franklin Lakes, New Jersey, USA). Assembly of the sequencing contigs and translation of the collated nucleotide sequence into a deduced amino acid sequence were performed using the VectorNTI Advance program (Invitrogen, Carlsbad, California, USA). The sequence data were aligned using the AlignX multiple sequence alignment in the VectorNTI Advance program (Lu and Moriyama, 2004) . A phylogenetic tree was constructed using the neighbor-joining method within Clustal X (version 1.83), with 1,000 bootstrapping replicates. The final tree outfile was visualized 
RESULTS
Geographic prevalence of influenza A viruses
Of the total 28,214 samples, 225 influenza viruses were isolated, for an overall prevalence of 0.8%. Prevalence of AI virus was higher in Goseong (3.2%), Paju (2.7%), and Cheorwon (1.6%) than in other provinces ( Table 1 ). The sample size in wild bird habitats was approximately evenly distributed from 2003 to 2008, and annual influenza A virus prevalence was 0.4-1.2%. A higher prevalence of 1.5% was observed in November in most locations and years (mean number isolated was 33610.3).
Bird species
Beginning in 2007, the DNA bar-coding system for the identification of host species in H5-and H7-positive fecal samples was incorporated into the analyses (Table 2 ). All bird species in H5-and H7-positive fecal samples were identified as Anseriformes and included Mallard (nine samples), Bean Goose (Anser fabalis; five samples), White-fronted Goose (one sample), and Northern Shoveler (Anas clypeata; one sample).
HA and NA subtypes and HA/NA subtype combinations During the 5-yr study, 223 isolates were subtyped and two isolates were not identified. Influenza viruses subtypes H1-H12 and N1-N9 were isolated from wild birds. Of 223 viruses, H6 (23.3%; n552), H1 (17.9%, n540), and H4 (16.1%, n536) were the most frequently detected HA subtypes, followed by H5 (10.8%, n524), H2 and H10 (6.7%, n515), H7 (5.8%, n513), H3 and H9 (4.0%, n59), H11 (1.8%, n54), and H8 and H12 (1.3%, n53). Subtypes H13-H16 were not detected. Four examples of mixed infection of multiple influenza viruses were found, and H2/H11, H1/H6, H1/H9, and H1/H4 subtype combinations were identified by plaque neutralization assay. The most frequently detected NA subtypes were N2 (23.8%, n553) and N1 (20.6%, n546), followed by N6 (14.8%, n533), N3 (12.6%, n528), N8 (8.5%, n519), N4 (6.7%, n515), N5 (5.8%, n513), N7 (4.0%, n59), and N9 (3.1%, n57; Table 3 and Fig. 2 ). In total, 38 HA/ NA subtype combinations were detected. The most frequently detected subtype combination was H4N6, which comprised 13.9% of all isolated influenza A viruses, followed by H6N1 (13.0%) and H5N2 (8.5%). Viruses containing H8 matched only with N4 and viruses containing N5 matched only with H6 (Table 3) .
Sequence analysis of H5 and H7 isolates
Twenty-four H5 and 13 H7 subtypes were isolated from wild birds. The most frequent HA/NA subtype combination of FIGURE 2. Distribution of hemagglutinin (HA; shaded bars) and neuraminidase (NA; white bars) subtypes in influenza A virus isolated from wild birds. Data from all 223 virus isolates are included with the distribution of the HA subtypes and the NA subtypes. Influenza A viruses were isolated from wild birds in major habitats (n5149) and in the demilitarized zone between North Korea and South Korea (n574). H5 and H7 was H5N2 (8.5%) and H7N7 (3.6%), followed by H5N3 (2.2%), H7N2 (1.3%), and H7N3 (0.9%). Genetic analysis of the HA of the H5 and H7 viruses showed that the protease cleavage site had the typical motif of a low-pathogenic H5 (PQRETR/GLF) and H7 (PEIPKGR/ GLF) virus, and that all H5 and H7 isolates were LPAI viruses (Table 4) . Phylogenetic dendrograms were constructed for viral isolates of the representative viruses of H5 and H7 subtypes in Korean wild birds to assess their relationship with the viruses of the same subtypes causing HPAI outbreaks in domestic poultry and wild birds (Figs. 3, 4) . Concerning the sequence and phylogenetic analyses of the HA gene of H5 viruses isolated from wild birds, three separate sublineages could be identified. H5 viruses were clustered together in a group that was clearly distinct from the H5N1 HPAI viruses that caused outbreaks in domestic poultry and American avian lineage, and were genetically related to the Eurasian avian lineage. H7 LPAI viruses from wild birds did not group in a separate sublineage with H7 HPAI viruses, although these H7 isolates are closely related, showing a high homology between them and with Eurasian lineages.
DISCUSSION
The present study, the largest AI surveillance of wild birds in South Korea reported to date, was implemented to monitor possible introduction of HPAI H5N1 by birds migrating from Northern Asia via the East Asia Australia flyway. We collected 28,214 fecal samples from wild birds in habitats located nationwide. Although HPAI H5N1 virus was not found, 225 samples yielded LPAI viruses including H5 and H7 subtypes.
Geographically, major wetlands such as Cheonsuman, Shihwa-ho, Youngsan-gang, and Nakdong-gang along the western and southern regions of South Korea were coincident with both HPAI outbreaks and densely populated poultry areas (Fig. 1) . These habitats are resting and wintering sites for many migrating waterfowl from Northern Asia, including Northern Russia, Mongolia, and Siberia.
Other investigators have found differing prevalence of influenza virus and distribution of subtypes depending on species, time, and place . In the present study, AI prevalence remained uniformly low between geographic areas (0.1-3.2%; Table 1). The lack of an appreciable geo- , 2003-2008 (enclosed in boxes) . HPAI H5 types among reference viruses shown bold. Nucleotide sequences were analyzed using Clustal X (version 1.83) and phylogenetic trees were constructed by the neighbor-joining method. Robustness of groupings was assessed by bootstrap resampling of 1,000 replicate trees. , 2003-2008 (enclosed in boxes) . HPAI H7 types among reference viruses were shown bold. The nucleotide sequences were analyzed using Clustal X (version 1.83) and phylogenetic trees were constructed by the neighbor-joining method. Robustness of groupings was assessed by bootstrap resampling of 1,000 replicate trees. graphic difference is understandable given the relatively small area of South Korea. Furthermore, the low prevalence is consistent with the knowledge that South Korea is not a breeding site but rather a wintering area of adult birds, especially waterfowl such as duck and geese. As we used fecal samples instead of captured bird samples in wild birds for AI surveillance, we could not relate AI prevalence or subtypes to bird species prior to 2007. However, we have implemented the barcoding system using mitochondrial DNA recovered from fecal samples for identifying host species since 2007. Analysis of these data revealed that Anseriformes was the major order of birds that shed H5 and H7 viruses. These results are consistent with reports from northern Europe , but differ from studies in North America that rarely detected H5 and H7 subtype in ducks Webster et al., 2007) . In the future, the bar-coding system will be applied to all fecal samples; this will broaden the data obtained while avoiding the onerous sampling from captured birds.
In our study, we detected HA subtypes H1-H12 and all nine NA subtypes. Among these, HA subtypes H6, H1, and H4 were the most common, followed by H5, H2, H10, H7, H3, and H9. The H11, H8, and H12 subtypes were rarely isolated, and subtypes H13-H16 were not isolated at all. The major distribution of HA subtypes (H6 and H4) in our study is consistent with data from studies conducted in Germany, North America, and Sweden (Sü ss et al., 1994; Krauss et al., 2004; Wallensten et al., 2007) . Our results indicated a higher prevalence of the H5 subtype than the H7 subtype, in contrast to studies from Germany and Sweden (Krauss et al., 2004; Wallensten et al., 2007) . The dominant NA subtypes in our study were N2, N1, and N6, whereas N7 and N9 were rarely isolated; these results are similar to studies conducted in Sweden and North America (Sü ss et al., 1994; Wallensten et al., 2007;  Fig. 2) . Krauss et al. (2004) found that the most frequently isolated subtypes were H3N8 (22.8%), H6N4 (20.8%), and H4N6 (12.5%). Among the 38 HA/NA subtypes in our study, the most common were H4N6 (13.9%), H6N1 (13.0%), and H5N2 (8.5%; Table 3 ). The dichotomous results may be attributable to geography, specifically the continental differences between North America and Asia.
Phylogenetic analyses of AI viruses, whether in poultry or wild birds, indicate that different lineages appear to diverge on a geographic basis, rather than temporally or because of host species (Alexander, 2007) . We detected 37 viruses of H5 (10.8%) and H7 subtypes (5.8%), which were all LPAI (Table 4 ). To assess their relationship with the viruses of wild birds and those of HPAI outbreaks, we analyzed the H5 and H7 genes phylogenetically. The HA gene of H5 viruses from wild birds could be clearly distinguished from the sublineage H5N1 HPAI of the Eurasian and American avian lineages (Fig. 3) . Although H7 LPAI viruses from wild birds did not show a separate sublineage with H7 HPAI viruses, the H7 isolates identified in the present study were closely related with the Eurasian avian lineage (Fig. 4) . As with previous studies (Rö hm et al., 1995; Banks et al., 2000 Banks et al., , 2001 Munster et al., 2005) , our study revealed little diversity among the HA genes of H7 virus in wild birds and poultry. However, evolution of internal genes in H7 viruses may have occurred by reassortment (Campitelli et al., 2008) . Further study is needed to better understand transmission and genetic diversity of AI viruses, perhaps by genetic analyses of other genes or more viruses including non-H5 and non-H7 viruses in wild birds.
This relatively large surveillance study focused on samples from overwintering wild birds that might originate from the Russian Far East, Siberia, or Mongolia. We believe that it serves as a strong foundation for future studies regarding AI prevalence, evolution, and natural history in South Korea. Since the 2008 HPAI outbreak in South Korea occurred in spring (April) in contrast to the prior two outbreaks, further studies should also include birds migrating north from the southeast region, as well as wintering birds in South Korea.
